Introduction
Lipid II is a key component in the synthesis of the peptidoglycan layer outside the plasma membrane of all bacteria, where Lipid II molecules carry the peptidoglycan building blocks from the inside of the cell to the outside. When the building block has been incorporated into the growing peptidoglycan, Lipid II is released and recycled in another round of transportation. Lipid II thus represents a bottleneck in peptidoglycan biogenesis. The importance of Lipid II as a target for antimicrobial peptides is seen with the glycopeptide vancomycin, that since its discovery has been reserved as a last resort drug against resistant strains.
1 Vancomycin binds the D-Ala-D-Ala moiety (see Figure 1) of Lipid II and thereby 'trapping' Lipid II and rendering it unable to partake in further synthesis of peptidoglycan. Unfortunately bacterial resistance towards vancomycin is increasing. Vancomycin cannot form a stable complex with Lipid II when the D-Ala-DAla moiety of the latter has been mutated into D-Ala-D-Lactate. 2 Another antimicrobial peptide that targets Lipid II is the lantibiotic nisin. Nisin binds to the pyrophosphate group (see Figure 1 ) of Lipid II, and it is therefore hoped that bacterial resistance to nisin is less likely to arise due to the pivotal role of the pyrophosphate moiety which cannot easily be mutated into another form while still maintaining the function of Lipid II. 3 Another recently identified promising antibiotic, Teixobactin, also targets the pyrophosphate group of Lipid II. 4 A promising new candidate for a Lipid II targeting antimicrobial peptide is the defensin plectasin. Defensins are short, cysteine-rich, cationic peptides that form part of the innate immune response system in vertebrates and invertebrates and have also been found in plants. They function as host defence peptides against bacteria, fungi, and many types of viruses. Plectasin is a 40-amino acid fungal defensin produced by the saprophytic ascomycete Pseudoplectania nigrella. 5 It has been shown to be potent against several
Gram-positive bacteria, for instance Streptococcus pneumonia and Staphylococcus aureus (S. aureus). 5, 6 Plectasin is composed of one α-helix and two β-strands stabilised by three disulfide bonds, this architecture closely resembles that of many other defensins from spiders, scorpions, and mussels. 5 The mechanism of action of defensins was initially proposed to arise from the amphipathic nature of the peptides enabling them to bind to and disrupt the membranes of the host cells. However in contrast to this general mechanism, a recent combined experimental and computational study has suggested that plectasin binds directly to Lipid II 7 and therefore, despite its amphipathic nature, it does not compromise membrane integrity. Schneider et al. 7 used NMR titrations to probe the interactions between Lipid II and plectasin, and based on these results they proposed a binding mechanism through the pyrophosphate group of Lipid II. The binding to a specific target instead of a general interaction with the membrane is corroborated by a study finding that only the L-enantiomer and not the D-enantiomer of plectasin is active against Gram-positive bacteria. 8 The binding of plectasin to Lipid II instead of indiscriminate disruption of the cell membrane has two significant advantages, firstly the risk of non-specific toxicity is reduced and secondly if the recognition motif is indeed the pyrophosphate group it will decrease the potential of developing resistance.
The spread of infectious diseases and the increase in antibiotic resistance represents a life-threatening global development that calls for new approaches to control microorganisms. A better understanding of the mechanisms of antimicrobial action and how resistance towards antimicrobial agents arises is therefore needed. Computer simulations offer insight into a molecular level not easily obtained through experiments and are thus an obvious method to aid the understanding of antimicrobial actions.
Here we report an atomistic molecular dynamics study (I have deleted 'of') to investigate the behaviour of Lipid II in two different environments; (1) (I have deleted 'in') a model S. aureus membrane, and (2) the same membrane model interacting with the defensin peptide, plectasin. We show that Lipid II can adopt a range of conformations in a model of the S. aureus cell membrane, causes local rearrangement of specific lipid types, and can form cation-bridged dimers. Our results suggest loose association with plectasin with multiple binding modes available for the peptide-lipid interaction.
Methods
Atomistic molecular dynamics simulations were performed to study the dynamics of
Lipid II in a model S. aureus membrane and also its interactions with the peptide, plectasin.
Simulation Systems
The simulations described in this paper are summarized in Table 1 -Table 2 . All systems were neutralised with either Na + or Cl -ions according to the total charge of the system.
The systems were solvated with at least 60 water molecules per lipid. The water model used was TIP3P.
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S. aureus membrane
A symmetric lipid bilayer, containing 100 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) lipid molecules in each leaflet, was built with the CHARMM-GUI Membrane
Builder. 10 An in-house script was used to replace the DMPG lipids with specific lipids from the S. aureus cell membrane, using the same composition as previously reported 11 and corresponding to experimental studies: [12] [13] [14] 54% phosphatidylglycerol (PG), 36%
lysyl-phosphatidylglycerol (lysyl-PG) and 10% diphosphatidylglycerol (also known as cardiolipin). All lipids are modelled with anteiso-myristoyl chains, i.e. a myristoyl (14:0) chain with a methyl branch on the second last methylene carbon. The PG lipids are henceforth named 'AMPG', while the lysyl-PG lipids are named 'ALPG' and the cardiolipins are named ADPG. The chemical structures of the lipids are shown in Figure   1 a). The CHARMM36 force field [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] was used, full details of the lipid models are provided in the SI.
Lipid II
Lipid II consists of a polar headgroup and a lipophilic anchor, see Figure 1 . The anchor is a bactoprenol consisting of 11 isoprene units where the first seven units are in the (Z)-configuration and the following three are in the (E)-configuration. 1, [25] [26] [27] [28] The bactoprenol is longer than the hydrophobic thickness of the membrane and it has been hypothesized that this together with the inherent elasticity offered by the isoprene units allow the Lipid II molecule to change its vertical position in the membrane during the different steps of the cell wall synthesis. 28 A pyrophosphate group links the bactoprenol tail to a Nacetylglucosamine (GlcNAc) sugar, which itself is linked to a N-acetylmuramic acid (MurNac) sugar. The sugar moieties are henceforth referred to as Glc and Mur, respectively. A peptide sidechain is linked to Glc, the nature of which is bacterial species dependent. In this study we use a penta-peptide of the amino acids L-Ala-γ-D-Glu-LLys-D-Ala-D-Ala that has been used in several other studies. 5, 7, [29] [30] [31] [32] The peptidoglycan of S. aureus also contain a pentaglycin interpeptide bridge 33 attached to the Lys residue, but this was omitted both for simplicity and to be consistent with other studies. 5, 7, [30] [31] [32] Full details of the model are provided in the SI.
The VMD graphics package 34 
Plectasin
The coordinates of the complex of plectasin and the Lipid II headgroup produced by docking calculations 35 were obtained from Alexandre Bonvin. The Lipid II in this complex only had a short tail of three isoprene units, therefore we modelled in the longer tail from the full Lipid II molecule to give a total of 11 isoprene units and an approximate length of 45 Å in the stretched conformation. Given the NMR experiments upon which the docking complex was based were performed at pH 6.1, the two histidine residues in plectasin were protonated on the imidazole ring. 35 We used the PROPKA 3.1 server 36, 37 to determine the pK a of the two histidine residues, and they were 6.19 (His16) and 5.37 (His18), respectively. Based on these pK a values we initially represented both histidine residues in their neutral state. Visual inspection did not reveal a likely propensity for the nitrogen proton to be placed either on the δ-nitrogen or the ε-nitrogen, hence different systems were set up where both histidine residues were either protonated on the δ-nitrogen or the ε-nitrogen. We also simulated a system where His18 was doubly protonated (i.e. positively charged). Henceforth we will use the notation 'δ,δ' to denote that both His16 and His18 are protonated on the δ-nitrogen, 'ε,ε' to denote that both His16 and His18 are protonated on the ε-nitrogen and 'δ,P' to denote that His16 is protonated on the δ-nitrogen while His18 is doubly protonated (and hence positively charged). The plectasin-Lipid II complex was inserted into the S. aureus membrane using the same protocol as insertion of the uncomplexed Lipid II molecules.
Overview of Simulations
A summary of the simulations discussed in the present work is provided in Table 1 and 
Simulations performed with Amber 12 or Amber14
The initial structures were first minimized with the steepest descent method and then the conjugate gradients method until either a total of ten thousand steps were reached or the gradient of the coordinates were less than 1.0 -4 kcal mol -1 Å -1 . The systems were then heated gradually from 0 K to 100 K over 5 ps in the NVT ensemble. A second step of heating over 100 ps raised the temperature from 100 K to the temperature indicated in Table 1 - Table 2 were constrained with SHAKE. 44 A non-bonded cut-off of 10 Å was employed and the non-bonded interactions were treated with the Particle Mesh Ewald (PME) method. 45 In the simulations in which positional restraints were applied to keep the plectasin-Lipid II complex intact, the equilibration procedure included a 10 ns simulation with a harmonic restraint applied to all atoms in plectasin and Lipid II with a force constant of 10 kcal mol -1 Å -2 , after which the force constant was gradually decreased over 11 ns to first 5 kcal mol -1 Å -2 and then 1 kcal mol -1 Å -2 before completely removing the restraints.
Simulations in which distance restraints were applied to the plectasin-Lipid II complex, five hydrogen bond distances between the plectasin backbone amide protons of the residues Phe2, Gly3, Cys4 and Cys37 to the oxygens in the pyrophosphate group of Lipid II were restrained with a square-bottom well potential where the sides of the well had a force constant of 25 kcal mol -1 Å -2 . These hydrogen bonds are highlighted as important for the complexation of Lipid II and plectasin by Schneider et al.
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Simulations performed with NAMD 2.8 and 2.10
The initial structures were minimized for 5000 steps with conjugate gradient method, after which the systems were heated to the indicated temperature in Table 1 -Table 2 during a short NVT equilibration of 500 ps with a time step of 1 fs. Afterwards the time step was lowered to 0.5 fs and a further 500 ps equilibration was run to with the Nosé-Hoover Langevin Piston 46, 47 to obtain a constant pressure of 1 atm. The pressure coupling was anisotropic but with a constant x/y ratio. The time step was then increased to 1 fs and another 500 ps of equilibration was performed, after which the time step was further increased to 2 fs for the production run. The temperature and pressure were controlled with Langevin dynamics 43 with a damping coefficient of 5 ps -1 , while the decay time for the Nosé-Hoover Langevin piston was 50 fs and the oscillation period was 100 fs. The cut-off for non-bonded interactions was 12 Å with a switching function applied between 10 and 12 Å. The PME 45 method was used for electrostatics, with a maximum spacing of SHAKE algorithm. 44 For the simulation with positional restraints applied to the plectasinLipid II complex, a harmonic restraint was applied to all atoms in plectasin and Lipid II with a force constant of 5 kcal mol -1 Å -2 .
Analysis
The analyses are performed with CPPTRAJ 48 from the AmberTools package version 12-15, VMD 1.9.2 34 and in-house scripts.
Results
Lipid II in the protein-free S. aureus membrane Location and conformation of Lipid II in the S. aureus cell membrane Molecular dynamics simulations provide an ideal route to investigation of the conformational dynamics of specific lipid types within complex membranes. 11 Given the paucity of experimental data of the molecular-level behavior of Lipid II within a S.
aureus membrane, we have characterised this from our MD trajectories. Density plots reveal that the pyrophosphate group of Lipid II is on average located at the same height with respect to the membrane normal as the phosphate groups of the other membrane lipids: the maximum density is 20.3 Å above the membrane centre (defined as the midpoint between the peak in the phosphate density in either leaflet), while the maximum density of the phosphate groups of the other lipids is found ~18 Å from the membrane centre, see Figure 2 . while the remaining residues on the pentapeptide chain are progressively more and more exposed to the solvent with the two distal Ala residues being fully exposed. 
Interactions of Lipid
Inter-Lipid II interactions
The two Lipid II molecules in the S. aureus membrane are initially separated such that there is 10 Å between the two approximately parallel tails, 20 Å between the two pyrophosphate groups and the shortest distance between the two head groups is 11.7 Å.
We observe dimerization of the Lipid II molecules in one of the four simulations. This dimerization occurs within the first nanosecond of the simulation. The dimer is stabilised through interactions of the headgroup regions; specifically there is a hydrogen bond between one of the oxygen atoms of the pyrophosphate group in one molecule and the C6-hydroxyl group of the Mur sugar on the other Lipid II molecule. This interaction is present during the last 100 ns of the simulation. Furthermore, the free amino group on the Lys residue in the first Lipid II molecule makes several hydrogen bonds to different hydroxyl groups (acting both as acceptor and donor) and to other oxygens in the sugars and pyrophosphate groups that can only interact as acceptors. These interactions were observed throughout the simulation and had an average lifetime (based on a cut-off distance of 3.5 Å) of less than 1 ns. A longer-lived interaction is observed between a Na + ion and both phosphate groups of both Lipid II molecules. Collectively, the four phosphate groups form a coordination shell around the Na + ion. This position is occupied by the same Na + ion throughout the 200 ns simulation ( Figure 6 ). Additional Na + ions
were also observed to form interactions with the pyrophosphate groups, but these were shorter-lived, typically up to 20 ns long at a time and did not form with all four phosphate groups simultaneously. In contrast to the headgroups, there is little interaction between the tails of the two Lipid II molecules.
In one of the other three independent simulations of the same system, the Lipid II 
Physical properties of the membrane
The structural properties of the model S. aureus membrane (such as area per lipid, membrane thickness and deuterium order parameters) were largely independent of both temperature (within the range 313-325 K) and the presence of Lipid II. The data provided in Table 3 show that the area per lipid increased only slightly from an average of 62.4 Å 2 to an average of 63.9 Å 2 as the temperature was raised from 313 K to 325 K.
This increase is particularly small considering that there is incorporation of first one and then two Lipid II molecules in the S. aureus membrane, and that this insertion alone would be expected to increase the area per lipid. The increase in temperature also results in a slight overall decrease in the deuterium order parameter of the lipid tails, see Figure   8 , but given the added molecule(s) and the temperature increase, the effect is surprisingly small. Similarly, the membrane thickness is virtually unaltered in all the systems, the range being 35.9 Å to 36.2 Å. The average deuterium order parameter (S CD ) for each lipid type was calculated to investigate whether these had any dependence on the distance from the Lipid II molecule(s). The AMPG lipids generally showed a higher order parameter when close to a Lipid II molecule, whereas the ADPG molecules generally showed a reduced order parameter close to Lipid II. The ALPG lipid order parameters were unaffected by the distance to Lipid II (data not shown).
Interactions between Plectasin and the S. aureus membrane
Given we find that the Lipid II molecule is flexible in terms of its conformation, it seems reasonable to suggest that it interacts with membrane proteins/peptides by either forming rather loose and or non-specific complexes or alternatively more specific, tighter binding is achieved by reducing the conformational flexibility of Lipid II. The defensin peptide, plectasin is thought to inhibit cell wall biosynthesis by forming stoichiometric complexes with Lipid II. To investigate the nature of the Lipid II-plectasin complex we performed simulations of the complex based on docking studies previously reported by Bonvin and co-workers. 7 Initially, plectasin is complexed to Lipid II and positioned ~5 Å above the plane defined by the phosphate headgroups of the membrane lipids (i.e. AMPG, ALPG and ADPG). Within a few nanoseconds of unrestrained simulation plectasin moves to interact with the membrane surface. Encouragingly we note that plectasin is conformationally stable in this environment. This is exemplified in Figure 9 showing the secondary structure for each residue in plectasin as a function of time from a representative simulation. During the remainder of the simulation time, plectasin forms a loose aggregate with the membrane and several different binding modes are observed. This is summarised in The original plectasin-Lipid II complex 7 was defined by hydrogen bonds between the backbone amide-proton on Phe2, Gly3, Cys4 and Cys37 to several of the monovalent oxygens in the pyrophosphate group in Lipid II. In addition, salt-bridges were found between the carboxylate oxygens of γ-Glu in the penta-peptide chain of Lipid II and to the protonated amino group at the N-terminus and to the protonated His18 of plectasin, see Figure 12 .
Plectasin-Lipid II interactions
Our simulations suggest that the protein and Lipid II are only loosely associated in the docked complex. We observed several rather labile hydrogen bonds between the protein and Lipid II, but we only observe the hydrogen bonds between Phe2, Gly4, Cys4 and Interestingly, in one simulation we observed a stable dimerization of two Lipid II molecules mediated by a sodium ion coordinating to the pyrophosphate groups on both Lipid II molecules. We note that Lipid II dimerization may be important for the formation of pores by the lantbiotic nisin as experimental studies have shown that 8 nisin peptides form a pore together with 4 Lipid II molecules. 49 Lipid II forms loose associations in multiple binding models with the defensin peptide plectasin, and the complex structure proposed by Schneider et al. 7 is not stable in our simulations. This could be a consequence of the docked complex being modelled without lipids or detergents present, which would make the pyrophosphate group more accessible for interactions. In our simulations, the pyrophosphate group is buried in the bilayer interface. The use of a truncated Lipid II tail may possibly allow for a more accessible binding region on the Lipid II head group. Our simulations of the full Lipid II tail have shown full extension of the tail into the opposite lipid leaflet, and may result in the Lipid II plectasin-binding region being more 'buried'.
In the systems with the S. aureus model membrane plectasin displays a significantly different binding mode depending on the protonation state of the two histidine residues.
The altered histidine protonation profile causes a change in the electrostatic interactions with the membrane such that protonation of the ε-nitrogen atoms of His16 and His18, which are located in the α-helix, induces membrane interactions with the helix. In contrast, when the δ-nitrogen atoms are protonated, the membrane interactions are preferentially with the beta strands of plectasin. This may suggest a mechanism for controlling the orientation of the protein with respect to the membrane, although further simulation and experimental studies would be required to explore this in greater depth. A clear strength of our study is the inclusion of lipids that more accurately represent the S.
auerus cell membrane than just simple phospholipids. However while we include relevant biochemical details of the membrane there are still areas that may be improved.
If we reflect upon the limitations of the current study, then it is clear that as with the vast majority of atomistic simulations of biological membranes, it is desirable to access much longer timescales. For example longer simulations would enable us to more fully explore the dimerization of Lipid II, which could potentially lead to more stable complexes with plectasin. Given the limitations inherent to atomistic simulations, this argues for coarsegrain models of Lipid II and the S. aureus membrane for multi-scale studies in the future.
Nevertheless, here we have been able to show that even on timescales of hundreds of nanoseconds, Lipid II is a conformationally flexible molecule that interacts with plectasin in a non-specific way, and can alter its local membrane environment.
